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Abstract. Tribological behaviors and wear mechanism of bismaleimide resin and its composites 
modified by potassium titanate whiskers were investigated. The composites with outstanding 
tribological properties were prepared through several coupling agents and whisker contents under 
different friction loads. The incorporation of whiskers treated with silane into the matrix effectively 
improved wear properties and friction stability of the matrix, especially at severe friction condition as 
30 kg. The wear volume of the neat resin at 15 kg and 30 kg friction load are 1.14 and 6.87 mm
3
, 
respectively. However, the wear volume of the composites containing 3 wt% potassium titanate 
whiskers at 15 kg and 30 kg friction load are 0.75 and 1.14 mm
3
, respectively. Furthermore, the 
addition of whiskers increased the ability to resist plastic deformation and crack of the matrix in a 
higher friction load.  
Introduction 
Bismaleimide (BMI) resin is one of high performance polymeric matrices and has better thermal 
properties than phenolic resin that is commonly used for brake friction materials now. Some research 
indicates that BMI  has significant tribological properties [1-2]. Potassium titanate whiskers (PTws) 
are high strength, relatively low cost reinforcement with diameter from 0.1-1.5µm and length between 
10-100µm. The size scale of PTws brings about a micro-reinforcing effect in polymer composites. 
Recently, the application of PTw as a reinforcement in friction and wear resistant materials has 
attracted extensive attention [3-4]. Many type of whiskers, such as SiC whisker[5,6], Al18B4O33 
whisker[7], CaSO4 whisker[8-9], and ZnO whisker[10] have been proved to possess excellent 
tribological properties, opening the possibility for many applications. However, the high price of 
some whiskers limit their wide spread application in polymer matrix composites. PTws are the only 
whiskers that are commonly used commercially because they possess an attractive combination of 
high mechanical properties and industrially acceptable price. There are considerable interests in such 
friction and wear resistant bismaleimide matrix composites which could be applied in the automobile 
and aerospace fields for their outstanding mechanical, thermal, tribological, and processing 
properties. 
Experiment 
Materials: 4,4’-bismaleimidodiphenyl methane (BDM) was provided by Northwestern Chemical 
Engineering Institute (China), o,o’-diallyl bisphenol A (BA) was purchased from Sichuan Jiangyou 
Chemical Factory (China). Potassium titanate whisker (K2Ti6O13, PTw) was purchased from 
Shenyang Jinjian Short Fiber Limited Co. (China). Silane compounds such as KH550, KH921, and 
titanate (NDZ311) were bought from Nanjing Shuguang Chemical Group Co. Ltd. (China).  
Treatment of whiskers: PTws were dried at 105-110
 
ºC for 2h. Then the PTws were added into 
approximately quantities of acetone solution containing appropriate coupling agent. The solution was 
thoroughly stirred to form a homogeneous whisker solution. To recover the modified PTws, the 
solvent was evaporated at room temperature for 8h and subsequently dried at 80-90ºC for 2h. 
Preparation of PTw/BMI composites:  BDM (100g) and BA (80g) were charged to a flask equipped 
with a thermometer and stirred at 110-130 ºC. Preweighed PTws treated by coupling agents were then 
added to the mixture while stirring. Thereafter the mixture was degassed in a vacuum oven at 130-135 








ºC /2h + 200
 
ºC /2h,   Postcuring: 220
 
ºC /6h. 
A neat resin sample was prepared for comparison with the composite as same procedure. 
Measurements:  Friction and wear properties were tested according to the Chinese standard 
GB3960-83 “Test method for friction and wear of plastics by sliding” with a MM-200 machine. Wear 
loss was calculated by the wear volume of the composites, and the friction coefficient was calculated 
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by average friction torque between 70 to 120 minutes of sliding. The couple is 45
#
 steel, and its length, 
outer and inner diameters are 10, 45 and 16 mm, respectively. The outer surface of the couple was 
polished by silicon carbide to obtain a surface roughness of 0.08-0.12 µm before the test. The 
dimensions of the specimen are 30×7×6 mm
3
, and the surface was washed by acetone. During the test, 
the upper rotation axis was fixed, and the lower rotation axis had a rotation speed of 0.24 m/s. The 
wear test was performed for 2 hrs, and the applied loads were 15 and 30 kg. The wear test concerning 
coupling agent selection was applied 20 kg friction load. HITACHI S-570 SEM (Japan) was used to 
observe the worn surfaces of the neat resin and the composites.  
Results and discussion 
Effects of coupling agent on friction and wear properties of PTw/BMI composites  
   Three coupling agents had been used to treat PTws by introducing chemical and physical bonding 
between PTws and the matrix. The effects of coupling agents such as silane on friction and wear 
properties of the composites containing 5 wt% PTws are listed in Table 1. The properties of untreated 
PTw/BMI composites are listed in Table 1 as well in order to compare the effect of coupling agents. 
Results indicate that those two silane coupling agents have stronger interaction with the matrix and 
whiskers than NZD311 and untreated whiskers. Good interfacial adhesion is beneficial to form a 
well-developed, durable friction film, which in turn improved the wear resistance. 
      Table 1 Effects of the coupling agent on friction and wear properties of the composites 
















BMI resin 0.32 2.60 4.39 
KH550    
KH921     
NDZ311   













Effects of friction load on friction properties of PTw/BMI composites  
Based on the experiments at 5 wt% PTws, KH550 was used to fabricate composites with variable 
loading. The effect of whisker content on friction coefficient at 15 kg and 30 kg friction load are 
shown in Fig. 1. Results indicate that the matrix has stable friction under the mild friction load (15 
kg). All composites show stable friction after 50 min of sliding. The composites with lower whisker 
content, such as 3 wt% and 5 wt%, show higher friction coefficients than those composites containing 
more whiskers and the neat polymer. Compared to the mild friction load 15 kg(Fig.1a), the neat BMI 
resin shows unstable friction at the severe 30 kg (Fig.1b). The friction coefficient of the neat resin 
increases at first, then decreases slightly as sliding proceeded. However, the friction coefficient of the 
composite with low whisker content (3 wt%) increases slowly at first, then is stable after 70 min of 
sliding. Apparently, all composites show better friction stability than the matrix. Moreover, the 
composites containing more than 5 wt% whiskers keep stable sliding after 40 min.  


































               































Fig. 1 Friction coefficients versus sliding time at (a)15 kg, (b) 30 kg 
 
(b) (a) 
1734 Advances in Superalloys
Effects of friction load on wear properties of PTw/BMI composites 
Table 2 shows that the neat resin has good wear properties at the mild friction load (15 kg). For all 
composites, the wear volume is lower than the matrix, indicating that the addition of the PTws into the 
matrix effectively improved the wear resistance. Results in Table 2 also suggest that the PTws 
substantially improve the wear properties of the matrix at the severe friction condition of 30 kg. For 






, and those of the composites 







respectively, which are about 16.6%, 14.0%, 17.5%, and 18.6% of that of the matrix, respectively. 
Also, the matrix shows serious plastic deformation and a macroscopic crack after 2 hrs sliding as 
shown in Figure 3a. However, for the composites, only soft deformation and no macroscopic crack 
are observed at PTw loadings above 3 wt%. 
Table 2 also exhibits that there exists an optimum whisker content to obtain the best friction and 
wear properties at the severe friction condition. This research shows that even low concentration of 
PTws usefully improve the friction and wear properties of the matrix. Moreover, the composite 
containing 5 wt% whiskers shows stable friction and the lowest wear rate of the composites. 










































Effects of friction load on morphology of worn surfaces 
Fig. 2 shows the worn surfaces of the matrix and the composites after a sliding test at 15 kg friction 
load. Results suggest that the matrix has a thicker friction film than the composites. The incorporation 
of PTws into the matrix tends to smoothen friction surface, indicating the importance of whiskers for 
building durable friction film. At the mild friction load (15 kg), the main wear mechanism of the 
matrix is adhesive wear. The corresponding dominant wear mechanism of the composites is mild 























  d.8 wt% whiskers                     e.12 wt% whiskers 
Fig. 2 SEM pictures of worn surfaces of the matrix and its composites at 15 kg 
The worn surfaces of the matrix and the composites after a sliding test at 30 kg friction load are 
shown in Fig. 3. The matrix shows serious plastic deformation and a macroscopic crack after a 2 hrs 
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incorporation of PTws into the matrix tends to smoothen friction surface same as 15 kg friction 
loading. Furthermore, results in Fig. 3 indicate that the composites have better steady friction 
coefficient than the matrix because the well-developed friction films provide improved mechanical 
strength to the friction film, resulting in a steady friction coefficient during sliding test. Meanwhile, 
results in Fig. 3 suggest that the wear of the matrix is characteristic of adhesion with serious plastic 
deformation at the severe friction load (30 kg). Behaviors of the composites are characteristic of 


















d. 8 wt% whiskers                    e. 12 wt% whiskers 
Fig. 3 SEM pictures of worn surfaces of the matrix and its composites at 30 kg 
Conclusion 
The tribological properties of PTws reinforced BMI composites with several surface treatments 
and whisker contents at different friction loads are investigated. Results show that the incorporation 
of PTws treated with silane into the matrix effectively improves wear resistance and friction stability 
of the matrix, especially at 30 kg friction load. The wear volume of the neat matrix at 15 kg and 30 kg 
friction load are 1.14 and 6.87 mm
3
, respectively. However, the wear volume of the composites 
containing 3 wt% PTws at 15 kg and 30 kg are 0.75 and 1.14 mm
3
, respectively. Results suggest that 
there exist an optimum whisker content to obtain the best friction and wear properties at the severe 
friction condition. At the mild friction load (15 kg), the main wear mechanism of the matrix is 
adhesive wear. The corresponding dominant wear mechanism of the composites is mild fatigue wear. 
At the severe friction load (30 kg), the wear of the matrix is characteristic of adhesion with serious 
plastic deformation. The composites are characteristic of fatigue wear with particle wear. 
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